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Abstract 
The simultaneous condensation of electronic and structural degrees of freedom gives rise to 
new states of matter, including superconductivity and charge-density-wave formation. When exciting 
such a condensed system, it is commonly assumed that the ultrafast laser pulse disturbs primarily the 
electronic order, which in turn destabilizes the atomic structure. Contrary to this conception, we show 
here that structural destabilization of few atoms causes melting of the macroscopic ordered charge-
density wave in 1T-TiSe2. Using ultrafast pump-probe non-resonant and resonant X-ray diffraction, we 
observe full suppression of the Se 4p orbital order and the atomic structure at excitation energies more 
than one order of magnitude below the suggested excitonic binding energy. Complete melting of the 
charge-density wave occurs 4-5 times faster than expected from a purely electronic charge-screening 
process, strongly suggesting a structurally assisted breakup of excitonic correlations. Our experimental 
data clarifies several questions on the intricate coupling between structural and electronic order in 
stabilizing the charge-density-wave in 1T-TiSe2. The results further show that electron-phonon-
coupling can lead to different, energy dependent phase-transition pathways in condensed matter 
systems, opening new possibilities in the conception of non-equilibrium phenomena at the ultrafast 
scale. 
  
Introduction 
The interplay of electronic and structural order creates a rich playground for the manipulation 
of properties of condensed matter systems. Indeed, many electronic material properties, such as the 
macroscopic spin state [1–3] and conductivity [4–6], have a strong, often non-linear dependence on the 
structural order, represented by local displacements of the ions. This dependence is often ascribed to 
strong electron-phonon coupling [7,8], where tiny changes in atomic positions significantly alter the 
electronic landscape and vice versa [9–11]. Disentangling the intrinsic electronic from the structurally 
induced contributions is hence a complex task. It requires specificity to both orders at a time and 
energyscale where charge- and phonon-driven processes occur: the (ultrafast) femtosecond regime [1–
3,5,7–9,12].  
A prominent yet controversial system in which the interplay of electronic and structural order 
is of particular interest is the transition-metal dichalcogenide, titanium diselenide (1T-TiSe2). Apart 
from exhibiting doping [13] and pressure [14] induced superconductivity, it shows a commensurate 
charge-density wave (CDW) at Tc≈200K [15–17], proposed as a result of Bose-Einstein condensation 
of excitons [18] and potentially chiral [19], gyrotropic electronic order [20]. In its room-temperature 
(RT) phase, 1T-TiSe2 has its electron (Ti) and hole pockets (Se) at the L and Γ points of the Brillouin 
zone, respectively [21–23]. Valence and conduction bands at these Fermi-pockets present a small 
(negative) band gap [22,24], causing charge-carrier accumulation [25] and hence an overall semimetal-
like material character [22,26,27] (see Figs. 1a and 1b). Upon cooling below Tc, the initial lattice (𝑃ଷഥ௠ଵ 
space-group) undergoes a periodic lattice deformation (PLD) [28,29] leading to a doubling of the unit 
cell (see Fig. 1c) into the (2 x 2 x 2) superlattice CDW phase (𝑃ଷഥ௖ଵ space-group) [16,28,30]. This 
structural doubling folds the Fermi-pockets on top of each other, leading to a partial opening of the (p-
d) gap at L/Γ* (see Figs. 1a and 1b) [31–33] and local distortion of the hybridized orbitals [34]. In short: 
the phase transition in 1T-TiSe2 hence occurs on (i) the electronic, orbital order connected to the CDW 
and (ii) the structural order relating to the PLD. 
While the general picture of the CDW phase transition may be understood, its mechanism 
remains highly controversial. One proposed mechanism involves thermally allowed condensation of 
free carriers (holes and electrons) to bound excitons that destabilize the room-temperature crystal 
structure, in turn causing the PLD [23,30,35,36]. Indeed, charge screening of excitons by photoinjected 
carriers has been shown to melt the CDW phase and the associated band-folding [31,37], revealing the 
necessity of excitonic correlations in stabilizing the CDW. Another mechanism is suggested by recent 
calculations, indicating that the PLD is required to both energetically stabilize excitonic correlations in 
the CDW state [38] and to reproduce the electronic band structure [34]. Moreover, the observed mixing 
of phonon and plasmon bands at Tc is a strong evidence for electron-phonon-coupling [9,18], pointing 
towards a prominent role of structural contributions [39,40]. Undoubtedly, the PLD is of unambiguous 
importance for CDW stabilization, [41] although the extent of its influence is unclear. In particular there 
is an outstanding question of how important the PLD is for exciton condensation. 
 
Fig 1. CDW phase and associated PLD upon cooling of 1T-TiSe2. a, Simplified Fermi surface of a 
slice through Fermi pockets of holes (red – Se 4p) and electrons (blue – Ti 3d) in the first Brillouin zone at ±A 
along the kc-axis, shown in the room-temperature (left) and CDW (right) phase. The band-folding of Ti 3d and Se 
4p states accompanying the CDW transition is indicated, leading to a re-referencing of the Brillouin zone (e.g. the 
RT L point becomes CDW L/Γ* point). b, The 3D representation of the bands illustrates the p-d splitting between 
the folded Se 4p and Ti 3d bands at L/Γ*, leading to excitonic correlations between electron-hole pairs (black 
dotted circle). c, PLD associated with the CDW phase, causing a doubling of the unit cell along all three  
dimensions.  
 Here, resonant X-ray diffraction offers a unique capability: by tuning the X-ray energy to a 
core-to-valence electron transition, the polarization dependent scattering cross-section is highly 
sensitive to occupation, geometry and overall-spin of the corresponding valence orbital [42–46]. This 
becomes especially useful when paired with the ultrashort pulses produced by X-ray free-electron 
lasers, where an optical laser pump modified the electronic landscape and a subsequent X-ray pulse 
probes the change in either orbital [47–49] or structural order [47,50–52], depending on the energy 
(resonant/non-resonant) or the type of reflection (e.g., charge-symmetry-forbidden but orbital-allowed). 
In this work, we use transient resonant/non-resonant X-ray diffraction after near-infrared 
photoexcitation to disentangle the contributions of structural and orbital order on the melting of the 
CDW in 1T-TiSe2. We find an energy regime in which the PLD is destabilized while excitonic 
correlations persist: melting of the CDW is observed only when surpassing a critical activation energy 
barrier. The suppression of both structural and orbital order, occur significantly faster and at drastically 
lower threshold energies than expected for a pure charge screening induced breakup of excitonic 
correlations. These results suggest a structurally enhanced melting of the CDW phase, where 
destabilization of the PLD structurally assists the breakup of excitonic correlations. 
Experimental Methods 
The resonant/non-resonant X-ray diffraction experiment was carried out at the EH2 endstation 
of the BL3 beamline at the SACLA X-ray free electron laser [53]. An illustration of the experimental 
setup is shown in Fig. 2a. The sample, an ultra-thin TiSe2 single crystal (c-axis out-of-plane, 61.9 ± 0.5 
nm thickness – see Supplementary Fig. S1 and Supplementary Chapter SC1 for static sample 
characterization) in the CDW phase was mounted on a goniometer with a N2-cryostream to stabilize the 
temperature at approximately 100 K. A slightly focused (300 x 300 µm) 35 fs optical pulse with 
wavelength 800 nm excited the sample with a repetition rate of 15 Hz. The horizontal polarized X-ray 
beam operating at 30 Hz was focused to a spot size of 10 x 10 µm2. During the experiment, the angle 
between the X-ray- and laser-beams was kept fixed. To ensure identical excitation conditions, the 
diffraction geometries for structural and orbital reflection were kept as similar as possible. For the 
structural reflection, X-rays entered at a grazing angle of 1° with a sample orientation relative to the 
horizontal X-ray polarization of χ = 17°, corresponding to a laser incidence angle of 11°. For the orbital 
reflection, X-rays entered at a grazing angle of 2° with a sample orientation perpendicular to the 
horizontal X-ray polarization (χ = 90°), corresponding to a laser incidence angle of 12°. As the sample 
orientation was different for both reflections, a half-wave-plate was used to adjust the polarization of 
the optical laser to ensure fully p-polarized light at the different diffraction geometries. Notably, the 
effective X-ray penetration depth is significantly larger than the sample thickness of 62 nm, ensuring 
that the entire sample cross-section is probed. As only every second X-ray pulse follows laser excitation, 
we used shot-to-shot background correction to reduce effects of fluctuations in X-ray pulse intensity. 
The transients shown in this work come from 2D integration of the scattering peak on the detector, 
corrected for the fluorescence background. For orbital and structural reflection we did not observe a 
shift of the peak maximum but only a decrease in the scattering intensity. The X-ray beam energy was 
tuned in the vicinity of the Se K-edge around 12.65 keV (see Supplementary Fig. S2 for energy scan of 
the (0 0 5/2) reflection intensity taken at SACLA). The inevitable temporal jitter between X-ray and 
optical laser pulse was measured shot-by-shot using a transmission-grating based timing tool, which 
has an accuracy <10 fs (FWHM) [54]. The temporal fingerprint of each shot was then used to re-bin all 
data into  30 fs time-segments [55]. In summary, the effective time-resolution of the experiment ∆𝑡ா௙௙ 
has to take into account (i) the optical laser pulse width 𝜏௅ = 35 fs, (ii) the X-ray laser pulse width 𝜏௑௥௔௬ 
= 15 fs, (iii) the time resolution of the timing tool ∆𝑡்் = 10 fs and (iv) the size of data-bins  ∆𝑡௕௜௡ = 
30 fs, leading to ∆𝑡ா௙௙ = ට𝜏௅ଶ +  𝜏௫௥௔௬ଶ + ∆𝑡்்ଶ + ∆𝑡௕௜௡ଶ   ≈50 fs. 
In the experiment, the optical (800 nm) laser pulse drives an electronic inter-band transition in 
the TiSe2 sample that is in the CDW phase. The excitation injects valence band (Se-VB) electrons from 
the folded Se 4p orbital as hot-carriers into the Ti 3d conduction band (Ti-CB). This hot-carrier injection 
occurs during the pump-pulse duration [31] (here < 35 fs FWHM). Shift in plasmon resonance 
frequency [56], bulk-lattice vibrations [50,56,57] or re-normalization of the Ti-CB [37] are observed at 
slower (50-500 fs) and experimentally observable timescales but depend on the incident laser pump 
fluence. Indeed, and as we have shown in previous work [56], pump-fluences above 0.3 mJ/cm2 lead to 
a complete melting of both excitonic and structural order, driven by Coulomb screening-induced exciton 
breakup. For lower fluences (<0.3 mJ/cm2), the excited electron plasma is strongly out-of-equilibrium 
while a fingerprint of PLD-induced back-folded acoustic phonon branches appears unaffected [56]. 
This fluence regime in which electronic and structural order deviate sets the ideal conditions to 
disentangle the relationship between CDW and PLD. 
Results 
We capture the electronic response following excitation by selecting a (0 k/2 l/2) type reflection 
at the Se K-edge resonance (12.652 keV; see Supplementary Fig. S2). These reflections are space-
group-forbidden in the RT and CDW phase for Thomson scattering. They are hence sensitive to the Se 
4p orbital order, as shown by (i) the resonance behavior at the Se K-edge energy (see Supplementary 
Fig. S2), (ii) the presence of scattering intensity only in the rotated polarization channel (see 
Supplementary Fig. S3) and (iii) the absence of scattering above Tc [58]. More precisely, the phase of 
the scattering amplitudes from all spherical/symmetric Se 4p orbital contributions cancels out, while all 
non-congruent, aspheric contributions (here at the 𝑃ଷഥ௖ଵ Se1 site at Wyckoff position 12g [59]) remain 
present, giving rise to the diffraction signal (more details can be found in ref. [58]) . As this Se 4p orbital 
asphericity is caused by site-specific hole condensation [34], this type of resonant reflections directly 
measures the CDW-related condensation of excitonic correlations. 
Figure 2b shows the transient X-ray diffraction (tr-XRD) intensities of the (0 1/2 7/2) orbital 
reflection at the Se K-edge. Following the impulsive laser excitation, the diffraction intensity decreases 
rapidly within < 200 fs, reaching almost a complete suppression for an absorbed fluence of 45 µJ/cm2 
(see last trace in Fig. 2b) [60]. For fluences below 16 µJ/cm2, a recovery on the timescale of 
approximately > 1 ps follows the rapid intensity decrease. For stronger excitations the intensity remains 
suppressed over the experimental time window – a phenomenon characteristic for 
phase transitions. [61,62] To quantify these experimental observations, we perform a global fit of the 
time-dependent order-parameter model [48,61], where the order parameter η relates to aspheric 
contributions of the Se 4p orbital geometry (for details see Supplementary Chapter SC2: Fitting of 
orbital order transients). This orbital asphericity parameter η reduces to zero if the absorbed local energy 
density per volume 𝑛(𝑡)  exceeds a critical threshold 𝑛௖,ை௥௕ , such that the orbital symmetry for 
𝑛(𝑡)/𝑛௖,ை௥௕  > 1 is the same as found in the RT phase where no excitonic correlations exist. For energy 
density depth profiles corresponding to selected traces see right panel of Fig. 2b.  
 
Fig 2. Experimental overview and XRD transients of the orbital reflection. a, Schematic 
representation of the experimental setup. b, Normalized diffraction intensities of the (0 1/2 7/2) reflection at the 
Se K-edge resonance (see colored markers for increasing fluence – curves have a constant offset for fluences 
below 45 µJ/cm2 for better visibility). Black traces correspond to the orbital order parameter η from the global 
model-fit, based on the absorbed energy profiles at t=0 shown on the right. The gray area (1 < t < 1.2 ps) denotes 
the time-region for the analysis in Fig. 4a.  
The experimental data and the model are in excellent agreement (see Fig. 2b and Supplementary 
Fig. S4), yielding three significant model parameters. We find an effective optical absorption length of 
34.7 ± 1.3 nm compared to the literature value of 17 nm [63] (see Supplementary Fig. S5 for a model 
refined using the literature value). The discrepancy here is likely due to rapid ballistic transport of hot-
carriers [37] or possibly non-linear absorption of the 35 fs (FWHM) pump pulse. The model further 
yields an exponential recovery constant of 𝜏௥௘௟,ை௥௕ = 1.08 ± 0.03 ps, which is in good agreement with 
electronic thermalization processes [57]. Third, we find complete suppression of the orbital order in the 
top most layer for fluences above 12.3 ± 0.5 µJ/cm2 (Fc,Orb). Assuming an exponential absorption profile 
of the laser excitation, this implies that fluences > 33 µJ/cm2 are required to suppress the orbital order 
of more than 50% of the sample volume. This compares well with the previously (not depth-resolved) 
determined threshold of approximately 40 µJ/cm2 for switching to normal state conductivity caused by 
breakup of excitonic correlations [56,57]. This indicates that the observed melting of the Se 4p orbital 
order is linked to the reduction of the excitonic correlated nature of bound holes as breakup of excitonic 
correlations suppresses hole-induced orbital distortion and hence reduces the aspheric scattering 
contribution [64]. Most strikingly, the critical fluence Fc,Orb corresponds to a local energy threshold to 
melt the excitonic order of 1.35 ± 0.05 meV per Ti atom, which is significantly below theoretical 
estimates of the exciton binding energy in 1T-TiSe2 (17 meV) [24,31] even when accounting for the 
thermal offset during the experiment (100 K, corresponding to 8.6 meV). 
To understand whether the drastic reduction of the energy-barrier is linked to the structural 
order, we also acquired non-resonant (12.620 keV) transient tr-XRD traces for a CDW space-group 
allowed [(h/2 k/2 l/2) type] reflection (see Supplementary Fig. S2). It is sensitive to contributions of 
both A1g* and Eg* modes that soften at the L point during the RT- to CDW-phase transition [65–67], 
such that the diffraction intensity is zero if the PLD is suppressed.  
Figure 3a shows the tr-XRD intensities of the (5/2 1/2 3/2) structural peak after excitation. 
Similar to the orbital reflection shown in Fig. 2b, the scattering signal decreases rapidly within <200 fs, 
reaching near complete suppression for fluences at 40 µJ/cm2 (see bottom trace in Fig. 3a). Also here, 
the scattering intensity partially recovers for fluences below 10-16 µJ/cm2, while a slight oscillatory 
component appears in the 0-400 fs time-window for fluences >25 µJ/cm2. With a further increase in 
excitation energy above 100 µJ/cm2 (see Fig. 3b) the oscillatory contribution both increases and 
becomes more coherent, while shifting in frequency from 2.5 ± 0.2 to 3.3 ± 0.2 THz for 107 and 227 
µJ/cm2, respectively. While these modes appear to be in good agreement with the Eg* (2.2 THz) and 
A1g* (3.4 THz) CDW phonon modes [50,57,65], the mode hardening with increasing fluence appears 
counterintuitive, especially since the equilibrium CDW- to RT-phase transition is accompanied by a 
significant mode-softening [66] and this reflection mainly probes the in-plane PLD component [58]. 
To describe the structural dynamics in the low (<45 µJ/cm2) and high (>100 µJ/cm2) fluence 
regime, we formulate a theoretical model based on a double-well-potential (DWP) [47,68] that 
describes the A1g* potential energy landscape, as depicted by the black trace in the right panel of Fig. 3. 
Prior to excitation, the system resides at the minimum positions corresponding to the equilibrium PLD 
in the CDW phase. Hot-carrier injection through laser excitation causes an instantaneous, transient 
change in the ionic potential energy landscape [9], resulting in coherent atomic oscillations around the 
the new, shifted potential minimum (see Supplementary Chapter SC3: Modelling of structural order 
transients for a detailed description). Following the initial excitation, the potential energy landscape 
relaxes slowly back to its original shape with an exponential time constant 𝜏௥௘௟,ௌ௧௥. 
 
 Fig 3. XRD transients of the structural reflection. a, Normalized diffraction intensities of the (5/2 1/2 
3/2) reflection (see colored markers) with increasing fluence. The gray area denotes the time-region for the 
analysis in Fig. 4a. b, Diffraction intensities after high-fluence excitation, showing a strong oscillatory component 
(dashed markers note half-period). For a and b, black traces correspond to transients calculated from the double-
well-potential model. On the right, energy potentials for selected traces at t=0 are shown (black: ground-state, 
solid color: excited potential in top layer, dashed-color: excited potential at backside of sample).  
Again, the model agrees well with the tr-XRD data obtained experimentally (see Fig. 3). To be 
consistent with the fit to the orbital reflection transients, we fix the effective optical absorption length 
to 34 nm [69]. The exponential recovery parameter 𝜏௥௘௟,ௌ௧௥ is 1.6 ps, which is slightly longer than the 
1.08 ps obtained from the analysis of the orbital reflection transients and compares well to the relaxation 
of coherent structural dynamics in similar systems [47]. Further, we find suppression of the ground-
state potential barrier for local energy densities > 0.52 meV per Ti-atom, which is reached in the top-
most layer for fluences > 4.8 µJ/cm2 (Fc,Str) (see pink schematic in the right panel of Fig. 3) [i.e., when 
the transient equilibrium coordinate of the (𝑃ଷഥ௖ଵ)  CDW amplitude mode becomes zero]. Further 
increase in fluence leads to a larger sample fraction with suppressed energy barrier and a further 
steepening of the potential-barrier wall for strongly excited regions near the surface. The lattice, 
following the landscape given by the single-well potential, now traverses through the high-temperature 
structure and overshoots, yielding an oscillating, CDW-like distorted lattice with an inverting amplitude 
at each zero crossing. We observe the oscillation at twice its frequency as the diffraction intensity scales 
with the squared amplitude. This is a coherent oscillation of a CDW-related L1 soft-phonon [65] of the 
RT (𝑃ଷഥ௠ଵ) structure (Fig 3b). As the potential walls become steeper with increasing fluence, this L1-
mode-related oscillation effectively hardens – a transient analogue to the thermal behavior when 
temperature increases above Tc. [65,66]  
Discussion 
The comparison of results obtained from the on- and off-resonance transient data suggests two 
distinct pathways for structural and orbital order, as evidenced by the different critical thresholds of 
0.52 and 1.35 meV/Ti-atom, respectively. This difference is found not only in the quantitative model 
parameters, but also becomes directly apparent in the experimental data, particularly in the 1-1.2 ps 
time window (see gray areas in Figs. 2b and 3). In this time-regime (i) oscillatory contributions in the 
structural response have vanished and (ii) the orbital response is mainly sensitive to the sample fraction 
with energy densities above Fc,Orb, as contributions from lower densities have decayed by 1/e. As 
apparent in Fig. 4a, the scattering intensity of the structural reflection (red dots) decreases linearly with 
the pump fluence up to approximately 20 µJ/cm2 (see transition region in inset of Fig. 4a). In contrast, 
fluence-dependence of the intensity of the orbital reflection (black dots) changes from a linear (see Fig. 
4a blue dashed line for projection) into a super-linear correlation, with the pivot-point coinciding with 
the orbital threshold Fc,Orb. Remarkably, at this fluence the structural signal has already decreased by 
approx. 50%, in agreement with its significantly lower structural threshold Fc,Str. It is hence evident that 
at energy densities below 1.35 meV/Ti-atom, the PLD is significantly destabilized while excitonic 
correlations remain mostly intact.  
 
Fig 4. Fluence dependence of orbital and structural order. a, Averaged tr-XRD intensity of orbital (black) and 
structural (red) order in the 1.0 - 1.2 ps time window (see gray region in Figs. 2b and 3a). The blue dashed line 
indicates deviation of the orbital response from the linear fluence dependency, marked by orbital threshold energy 
Fc,Orb. The inset shows a logarithmic representation to highlight the transition in structural response at Fc,Str. b, 
Comparison of the dynamics of orbital and structural response with literature [31,37]. In the high-fluence regime 
(>200 µJ/cm2), hot-carrier screening of excitonic correlations is sufficiently fast to dominate the overall melting 
dynamics. In the low-fluence regime (< 200 µJ/cm2), structurally assisted destabilization following the soft-mode 
outpaces charge-screening and hence becomes the governing mechanism in melting of the CDW phase.  
These results clearly point toward a structurally assisted melting of excitonic correlations. Hot-
carrier or hole injection distorts the local energetic landscape [9], causing a structural rearrangement 
along the A1g* toward the RT phase. Note that this structural rearrangement also occurs for fluences 
below the orbital threshold Fc,Orb, in a state where excitonic correlations are not sufficiently affected by 
the pump. As the exciton condensate is not stable in the absence of a PLD, the structural movement 
toward the RT phase lowers the activation barrier for exciton breakup towards the observed threshold 
through altering the electronic band structure [34]. Surpassing this activation barrier, the melting of 
excitonic correlations initiates a self-amplifying cascade of band-edge renormalization and self-
injection through hot-carrier relaxation [37], as evidenced by the super-linear fluence dependence of 
the orbital order (see Fig. 4a).  
Indeed, this scenario, in which the absence of the PLD destabilizes excitonic correlations, is 
plausible only if the transient structural motion is sufficiently fast compared to the competing 
phenomenon of Coulomb-screening [9,31,37]. A comparison of the signal drop time τ of our data with 
the time constants for the transients of the folded Se 4p occupation determined by ARPES [31,37] is 
shown in Fig. 4b (see Supplementary Fig. S8). Obviously, the orbital and structural responses in the 
low-fluence regime are 4-5 times faster than the CDW melting processes, which are solely due to 
Coulomb screening induced exciton breakup (see that gray dotted line in Fig. 4b for Fröhlich-law 
prediction lies above our experimental data). All transients we observer are slower than 75 fs, which 
corresponds to a quarter oscillation of the A1g* soft-mode (that is argued to be the bottleneck to switch 
the lattice from CDW to RT phase [57]).  These two findings strongly suggest that structural 
destabilization of the PLD is the dominant, rate-limiting process in the low-fluence regime. 
Interestingly, the intersection point of these two regimes (blue break lines in Fig. 4b) that limit the 
dynamics, charge screening versus soft-mode, locates precisely at the exciton binding energy of 
17 meV [24]. This strongly supports the notion that two competing phenomena are responsible for 
CDW melting. For fluences above the exciton binding energy, charge-screening is sufficiently fast to 
outpace the phononic response [31,37], such that the corresponding THz fingerprint remains present 
despite the absence of excitonic correlations [56]. Indeed, for the highest fluences tested, the coherent 
oscillations of the structural order with the CDW-associated soft-mode implies that the periodicity 
associated with the PLD remains existing in an oscillatory state before the mode is damped out and the 
corresponding scattering intensity finally approaches zero. This may explain the observation of 
persistent back-folded acoustic phonon branches in the high excitation regime [56]  despite the presence 
of a structural single-well potential. For fluences below the exciton binding energy, the structural 
response destabilizes excitonic correlations [39,40] and lowers the effective breakup barrier, leading to 
structurally assisted melting of the CDW phase.  
Conclusion 
 Our work provides experimental evidence that the PLD is not only a side effect but is instead a 
crucial ingredient in stabilizing the CDW phase in 1T-TiSe2, as relaxation of the PLD lowers the 
effective dissociation threshold of excitonic correlations by more than one order of magnitude. It is 
further evident that the kinetics of competing processes seem to determine whether Coulomb screening 
from injected hot carriers or structural destabilization of the PLD triggers the overall melting of the 
CDW phase. Yet regardless of this initial trigger, our results show that both electronic and structural 
order melt quasi-simultaneously, confirming the presence of strong electron-phonon coupling in the 
1T-TiSe2 system [9].  
For a detailed, microscopic understanding of the laser-driven phase transition, it may be 
necessary to consider the length scales at which different (dis)ordering processes originate: while laser 
excitation might not be sufficiently strong to drive a macroscopic electronic transition (i.e., Coloumb 
screening), it may still distort the local electronic potential that stabilizes the PLD, thereby initiating an 
expanding cascade of electron-phonon-coupling mediated transitions as a macroscopic effect. The 
crucial aspect of this mechanistic comprehension lies in the highly non-linear nature of the coupling 
interactions, which in our case lowers the effective binding energy of electronic correlations by more 
than one order of magnitude. We anticipate similar, potentially even more drastic, effects within the 
wide range of compounds that present strong coupling between different orders, such as, e.g., 
cuprates [4,10,70], other dichalcogenides [6,71,72], (complex) oxides [1,3,73] as well as 
superlattice [74,75] and spin-ice  [76,77] systems. 
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Popular Summary 
Unconventional material properties, such as superconductivity or charge-density-wave formation, arise 
through the simultaneous condensation of electronic and structural order. The phase transitions into and 
out of such unconventional states are commonly conceived to be kinetically dominated by electronic 
phenomena. Here, we show the opposite: suppression of the structural order can outpace macroscopic 
electronic interactions and hence govern melting of the charge-density-wave phase in 1T-TiSe2. 
Our findings are based on experimental data from ultrafast pump-probe non-resonant and resonant X-
ray diffraction measurements, performed at a free electron laser facility. In this experiment, we are able 
to track both the structural and the (electronic) orbital order as a function of time after laser excitation 
and with increasing laser strength. We observe a distinct energy regime in which complete suppression 
of both orders occurs more than one order of magnitude below the suggested excitonic binding energy 
and drastically faster than expected from a purely electronic charge-screening process. In this regime, 
our findings strongly suggest a structurally assisted breakup of excitonic correlations, as structural 
destabilization outpaces the macroscopic screening of excitonic interactions. 
The here made observation that melting of such unconventional states can occur via different phase 
transition pathways may have a significant impact on all material systems with multiple condensed 
orders. This is particularly drastic for systems with strong electron-phonon coupling such as cuprates, 
other dichalcogenides, (complex) oxides as well as superlattice and spin-ice systems that are highly 
debated as promising candidates for superconducting or magneto-optical applications. 
